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ABSTRACT 
 
This thesis describes a study of the remobilisation of heavy metals from 
sediments by three aminopolycarboxylic acids (APCAs). They are nitrilotriacetic 
acid, ethylenediaminetetraacetic acid and diethylenetriaminepentaacetic acid. 
The investigation is introduced by examining the sources, uses and chemistry of 
these acids. The introduction also includes a discussion of what is known about 
the inclusion of heavy metals into sediments and their remobilisation from 
sediments. Typical concentrations of APCAs in natural waters and sediments 
have been catalogued from the literature. The advantages and disadvantages of 
various laboratory techniques employed for the remobilisation of heavy metals by 
APCAs from sediments are assessed, as is the use of such experiments in 
quantifying the role of APCAs in the remobilisation of heavy metals from 
sediments.  
 
Sediments from three areas were sampled for this study; they were the 
Alexandra Canal, Captains Flat and Jenolan Caves in New South Wales, 
Australia. In each area several sites were sampled. For each site there is a brief 
description of the catchment geology and hydrology. Selected sediment-
associated waters in the areas were analysed for their metal concentrations as 
well as for ultratrace levels of APCAs employing a method developed in the 
present study. The waters were analysed for the major ions Ca2+, Mg2+, K+, Na+, 
Cl-, NO3- and SO42-. The sediments from selected sites in each of the areas were 
dried and fractionated. The dry total and fine sediments were analysed for their 
metal content and the latter was found to adequately represent the former in this 
respect. 
 
Water samples from the three areas showed different chemistries and exhibited 
more subtle differences between sites. In general, the Alexandra Canal waters 
are saline and alkaline and are a mixture of urban runoff and seawater; the 
Captains Flat waters are acidic and contain high sulfate from acid mine and 
tailings drainage; the Jenolan Caves waters are neutral and have the features 
characteristic of waters draining through limestone. The APCA contamination in 
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all water samples when ranked against other global sites is very low. Although 
the current APCA levels in the waters appear low, it was concluded that they 
should be closely monitored so that efforts can be made to minimise the risk of 
APCAs being hazardous environmental contaminants and also that any 
remobilisation of heavy metals from sediments by APCAs can be controlled. 
 
Agitation and column laboratory-scale experiments were carried out in order to 
obtain an understanding of the remobilisation of metals by contamination levels of 
APCAs in water, both as the individual APCAs and as a mixture of APCAs. 
Complimentary experiments were carried out using a molar excess of APCAs 
calculated from the metal concentrations obtained by acid digestion (assuming 
1:1 metal complex formation). Both types of remobilisation experiments were 
designed to investigate the role that redox potential (Eh) and concentration of 
APCAs in natural waters have on the remobilisation of heavy metals from the 
sediments. The agitation experiments were employed to assess metal 
remobilisation for the situation where the sediments are disturbed while the 
column experiments explored metal remobilisation for the case where the 
sediments are left undisturbed in situ. 
 
The major conclusions from the agitation experiments that used fine sediment 
from the Alexandra Canal were that 100 ppm APCA solutions will remobilise 
metals from the sediments under oxic conditions but only remobilise 
infinitesimally small amounts of metal under anoxic conditions. The use of fine 
sediments for the duplicate agitation experiments was found to give adequate 
duplication of results. A mixture of APCAs in solution acts similarly to the average 
of the three individual APCA solutions, showing that there are no antagonistic or 
synergistic effects likely to occur when they are found together in the environment. 
It was found that the mmoles of the metals remobilised exceeded the mmoles of 
the APCAs added when 500.0 mL of 100 ppm APCA solution was used on 50.00 
g of sediment. This might be due to APCAs remobilising metals from the 
sediments in ways other than by complexation. Even though an excess of APCAs 
was available, metal remobilisation was not complete when the experiments were 
forced to terminate. During the 14 days of the experiment, only one quarter of the 
metals liberated from the sediment by HNO3 and 30 % H2O2 digestion were 
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remobilised by the APCAs. Therefore an excess of free APCAs remains in 
solution. 
 
Fine sediments from Alexandra Canal, Captains Flat and Jenolan Caves were 
employed in the oxic agitation experiments using excess APCAs in solution. 
These experiments resulted in the following major conclusion: when producing an 
APCA remobilisation signature for trace and ultratrace metals, the geochemistry 
of the site is of secondary importance to the source of the contaminating metals. 
This is a feature of the trace and ultratrace metal speciation in the source rather 
than their concentration in it. From the different levels of calcium present in the 
three areas it was found that calcium is unlikely to form stable 1:1 APCA 
complexes at the pH values employed and is unlikely to compete with the heavy 
metal remobilisation by APCAs. 
 
Total sediments from Alexandra Canal and 100 ppm APCA solutions were 
employed for the column leaching experiments. From mass, pore water volumes 
and flow measurements it was shown that the ten mini cores taken from the 
same site were not true replicates. Despite this, when the sediments have settled 
and the pore waters removed from the cores, the levels of metal being leached 
stabilise and may represent a clearer picture of the in situ metal leaching from 
sediment with time. The levels of metal leached from the cores in 14 days 
suggest that during this period the cores are essentially anoxic, with the oxygen 
supplied from the oxic leaching solutions used for inorganic and microbial 
processes in the sediments.  
 
Agitation experiments appeared to yield an adequate picture of what would 
happen if free APCA solution came in contact with fine sediments suspended in 
the water column. Column leaching experiments employing total sediment were 
found to be only of limited value in assessing heavy metal remobilisation from 
undisturbed sediment. These experiments do not give a reliable assessment of 
the bioavailability of heavy metals and further testing of the acute and chronic 
toxicity of the sediments is recommended. APCA solutions that have been used 
in sediment and soil washing under conditions related to those used in the 
present study may contain an excess of the free APCAs as well as APCA heavy 
metal complexes and hence may be toxic to biota.  
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Introduction 
 
 
1. INTRODUCTION 
 
 
Aminopolycarboxylic acids, APCAs, are an important group of chelating agents 
that contain several carboxylate groups bound to one or more nitrogen atoms. 
They are derived from aminoacetic acid (NH2CH2CO2H) (Bell 1977 and Wilkinson 
1987). The three synthetic APCAs, nitrilotriacetic acid (NTA), 
ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid 
(DTPA), (Fig. 1.1) are extensively used in a variety of applications. For example, 
since they have the ability to sequester metal ions, they are used to prevent the 
formation of metal precipitates, to hinder metal ion catalysis of unwanted 
chemical reactions, to remove metal ions from systems, and to make metal ions 
more available by keeping them in solution. These properties make them useful 
across a range of industrial, agricultural and domestic applications. 
 
A number of concerns have been raised as to the risks of the distribution of these 
synthetic materials into the environment both as the free ligands and as their 
metal compounds. It has been proposed (Bucheli-Witschel and Egli 2001) that 
they may have adverse effects on the operation of wastewater treatment plants; 
toxic effects on aquatic and mammalian organisms; contribute to the 
environmental nitrogen load and thus to the eutrophication of waterways and 
have the potential to mobilise heavy metals from sediments. The aim of this 
project is to quantify and comment on the last of these in a variety of 
environments and under both oxic and anoxic conditions. 
 
1.1 Aminopolycarboxylic acids (APCAs)  
 
The industrially important APCAs are the compounds NTA, EDTA and DTPA 
(Figure 1.1). Bucheli-Witschel and Egli (2001) report that new synthetic APCAs  
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Figure 1.1  Nitrilotriacetate (NTA), ethylenediaminetetraacetate (EDTA) and 
diethylenetriaminepentaacetate (DTPA) (left: free acids, right: 
metal chelates without charges shown) 
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and several naturally occurring APCAs produced by microorganisms and plants 
have the potential to substitute the above classical representatives in various 
applications. 
 
 
1.1.1 Acid ionisation constants 
 
The acid ionisation constants of the three APCAs (Fig. 1.1) used in this study are 
listed in Table 1.1.  
 
Table 1.1  pKa values of APCAs in water at 25 oC (adapted from Dean 1999) 
APCA Molecular weight pK1 pK2 pK3 pK4 pK5 Water solubility
NTA 133.10 1.65 2.94 10.33 - - Insoluble  
EDTA 292.25 1.99 2.67 6.16 10.26 - Slightly soluble 
DTPA 393.35 1.80 2.55 4.33 8.60 10.58 Slightly soluble 
 
APCAs are weak acids and hence are not deprotonated in water, thus they are 
either insoluble or only slightly soluble at room temperature. The solubility of 
APCAs increases with the formula mass, with DTPA being soluble in hot water 
(Dean 1999). EDTA forms a series of mono-, di-, tri- and tetrasodium salts, which 
increase in water solubility as the degree of neutralisation is increased. In general, 
the APCA water solubility is increased by the addition of strong bases. 
 
 
1.1.2 Co-ordination geometry and stability of APCA metal complexes 
 
It is the ability of APCAs to form stable and water-soluble complexes with di- and 
trivalent metal ions that has made them so useful for industrial, agricultural and 
domestic purposes. They form 1:1 (APCA:metal) complexes whose high 
stabilities are in part a reflection of the multiple rings present. Their stabilities are 
also influenced by the presence of basic secondary or tertiary amino groups and 
the complexed ligands’ negative charge. 
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NTA has four donor atoms and forms 1:1 complexes with metal ions with the 
establishment of three chelate rings. Four co-ordination sites of the metal are 
occupied by NTA. Since most di- and trivalent metal ions favour a co-ordination 
number of six, the remaining two sites are normally occupied by water (Bell 1977). 
NTA can also form 2:1 complexes with metals (Souaya et al. 2004). 
 
EDTA contains six donor atoms and thus it can form a maximum of five chelate 
rings. Ideally, if all the donor sites available for EDTA are employed then an 
octahedral complex will result directly. However, such octahedral co-ordination 
seems to be only possible with metal cations of relatively small size. With larger 
cations, constraints within the structure of the EDTA appear to prevent this ideal 
arrangement from forming and the complexed metal ion may still remain 
accessible to other ligands such as water molecules. X-ray analysis has shown 
that the structures of most metal EDTA complexes differ from an ideal octahedral 
arrangement with, for example, the cations often exhibiting a higher co-ordination 
number than six. On the other hand, in some complexes, such as those with Ni2+ 
or Cu2+, EDTA does not fully utilise its donor capacity and leaves one carboxylate 
group not co-ordinated. A water molecule (Bell 1977 and Wilkinson 1987) instead 
completes the octahedral co-ordination sphere in these species.  
 
Typically DTPA uses only six of its potential eight donor sites and co-ordinates to 
yield a maximum of five chelate rings with an octahedral metal in a related 
manner to EDTA.  
 
The thermodynamic stabilities of such metal complexes are given by their 
respective equilibrium stability constants (K). Wilkinson (1987) has defined this as 
follows (charges not shown):  
K = [ML]/[M][L] 
[M]  concentration of the metal ion 
[L]  concentration of the ligand 
[ML]  concentration of the metal ligand complex at equilibrium 
 
Stability constants for the 1:1 complexes of NTA, EDTA and DTPA are listed in 
Table 1.2. For each metal, the stability of its NTA complex is several orders of 
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magnitude lower than that of the corresponding EDTA complex, as is expected 
from the lower chelating capability of NTA.  
 
Table 1.2  Stability constants for the 1:1 complexes of NTA, EDTA and 
DTPA with di- and trivalent metal ions (determined for an ionic 
strength of 0.1 M at a temperature of 25 oC) (adapted from Martell 
and Smith 1974) 
Metal ion LogKMNTA LogKMEDTA LogKMDTPA 
Al3+ 15.4a 16.5 18.7 
Ca2+ 6.39 10.61 10.75 
Cd2+ 9.78 16.36 19.0 
Co2+ 10.38 16.26 19.15 
Cu2+ 12.94 18.70 21.38 
Fe2+ 8.33b 14.27 16.4 
Fe3+ 15.9 25.0 28.0b 
Mn2+ 7.46 13.81 15.51 
Ni2+ 11.5 18.52 20.17 
Pb2+ 11.34 17.88 18.66 
Zn2+ 10.66 16.44 18.29 
 
a ionic strength of 0.2 M 
b 20 oC 
 
1.1.3 Stability variation of metal complexes with pH 
 
Figure 1.2 shows the stability of 1:1 EDTA metal complexes plotted against the 
minimum pH required for 1:1 complex formation for the conditions given in the 
caption to this figure. The figure is only meaningful if the concentrations of ligand 
and metal are the same (Ringbom and Vanninen 1954). The alkali earth metals 
only form complexes at high pH. However, all of the heavy metals examined in 
this study form complexes that are stable in the environmental pH range of 4 to 8. 
 
As expected from electrostatic considerations, metals with a 3+ or 4+ charge 
form the most stable complexes; for example, Fe(III)EDTA is shown to be 
substantially more stable than Fe(II)EDTA. 
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Figure 1.2  Minimum pH needed for formation of the 1:1 M(EDTA) 
complexes shown ([M] = [L] = 0.01M) (adapted from Reilley and 
Schmid 1958) 
 
Although Fe(III)EDTA has a stability constant of logK = 25.0, this is still not high 
enough to keep it from dissociating at pH values above 8 - 9, resulting in 
precipitation of the highly insoluble iron(III) oxyhydroxide. As a result of the 
search for a more effective APCA for use at higher pH values, DTPA was 
developed. It is preferentially employed instead of EDTA for sequestering iron(III) 
ions in the pH range of 8 - 10 (Wilkinson 1987).  
 
Fe(III)EDTA is an important EDTA species in many rivers and can lead to 
remobilisation of adsorbed heavy metals during infiltration into groundwater 
aquifers with pH values > 7.0 (Nowack and Sigg 1997). At lower pH values (<7.0), 
M(II)EDTA complexes will react with iron(III) oxyhydroxides species resulting in 
the dissolution of the mineral with the formation of Fe(III)EDTA. The metals 
liberated from the original EDTA complex will then adsorb on the surface and 
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thus become immobilised. Hence, under such conditions, no remobilisation of 
adsorbed metals is expected but rather a further immobilisation of heavy metals 
is to be anticipated (Davis et al. 1993). 
 
 
1.1.4 Speciation of APCAs  
 
Speciation is expected to influence the fate of APCAs and their complexes in the 
environment. Equilibrium calculations based on corresponding stability constant 
data have been used to predict the speciation of APCAs in ecosystems. Such 
calculations invariably encounter some difficulties:  
 
Other ligands that are normally present, viz inorganic anions such as hydroxide, 
hydrogencarbonate and phosphate as well as natural organic compounds such 
as humic acids will compete with APCAs for metals. The concentrations of 
inorganic ligands can be measured and thus their effect on APCA speciation can 
be modelled. It is more difficult to estimate the influence of natural organic ligands 
on metal complexation. For marine systems, methods for analysing the 
complexation of a variety of metal ions in the presence of natural organic ligands 
have been described (Lucia and van den Berg 1993; Donat et al. 1993; Luther et 
al. 1993 and Mackey and Zirino 1993). For freshwater systems, such methods 
are available for Cu2+ and Zn2+ (Xue and Sigg 1993 and Xue and Sigg 1993a) as 
well as for Co2+ and Cd2+ (Qian et al. 1998 and Xue and Sigg 1998).  
 
Speciation calculations assume that chemical equilibrium has been reached, 
which may or may not be the case. Thus, true speciation in a natural system may 
differ considerably from that calculated for equilibrium. In natural waters, where a 
large excess of Mg2+ and Ca2+ over trace metals normally exists, exchange 
reactions involving EDTA complexes have been shown to occur at slow rates 
with time scales ranging from hours to days (Hering and Morel 1988 and Hering 
and Morel 1990).  
 
Freshwater speciation calculations were reported for NTA for which the above 
factors were, to a larger or smaller extent, taken into account. Both inorganic 
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ligands and humic acids were included in the model. The result predicted that 
NTA would mostly bind to Ca2+ when present at environmentally relevant 
concentrations of 10 - 20 ppb (Rubin and Martell 1980). For a small river carrying 
an extensive load of treated wastewater, more recent speciation modelling gave 
a very different result. This was that NTA present at 2 ppb would be 
predominantly complexed with Ca2+ (more than 90 % of the total NTA) followed 
by Mg2+ and Zn2+ and only a small portion of the NTA would be associated with 
other heavy metals (Nowack et al. 1997). The inclusion of interactions between 
natural organic ligands and Cu2+ and Zn2+ in these speciation calculations might 
be the reason for the discrepancy with the earlier calculations. Apparently, the 
natural organic ligands compete successfully with NTA for Cu2+. These 
contradictory studies underline the continuing need for more information on the 
effect of natural organic ligands on metal speciation. 
 
In order to determine the speciation of EDTA in a river system, a combination of 
experimental results and equilibrium calculations were employed in a prior study 
(Kari and Giger 1996). After analysis, the Fe(III)EDTA and Ni(II)EDTA species 
were calculated as 31 % and 10 % respectively. Including these values into the 
model along with the values for the natural organic ligands for Cu2+ and Zn2+, 
yields the following predicted distribution: 31 % Fe(III)EDTA, 30 % Zn(II)EDTA, 
15 % Mn(II)EDTA, 12 % Ca(II)EDTA, 10 % Ni(II)EDTA, 2 % Pb(II)EDTA and 
0.5 % Cu(II)EDTA (Nowack 1996). Hence, in contrast to NTA, co-ordination with 
heavy metals seems to be more important for EDTA. However, it needs to be 
noted that these distributions will depend upon the pH of the natural system and 
on the initial speciation of APCA released. 
 
 
1.1.5 Kinetics 
 
APCA metal complexes are kinetically stable and even when the 
thermodynamics are favourable for metal exchange the reaction may take place 
slowly. For example, Fe(III)EDTA was observed to exchange rather slowly with 
other metals and for the exchange reactions with divalent cations, half-life times 
of about 20 days were determined in river water (Xue et al. 1995). Various kinetic 
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models have been applied to describe the extraction of different ions from soils 
and sediments (Kuo and Lotse 1973; Kuo and Mikkelsen 1980; Jardine and 
Sparks 1984; Jopony and Young 1987 and Yu and Klarup 1994). These models 
can be applied to simulate the mobilisation of heavy metals from river sediments 
by NTA and EDTA. 
 
 
1.2 Uses of APCAs 
 
It is the thermodynamic and kinetic stability of APCA metal complexes and the 
variation of their stability with pH that allow them to be used for a wide variety of 
applications (Nortemann 1999) as shown in Table 1.3. 
 
Table 1.3  Industrial and household uses of APCAs and related ligands (as 
a percentage of the world market) (Williams 1998) 
Detergents (33) Rubber production (2) 
Water treatment (18) Photography (5) 
Pulp and paper industry (13) Metal plating 
Textile industry (4) Metal chelating (5) 
Printing inks Surface polishing 
Cosmetics, foods, pharmaceuticals (3) Oil production 
Concrete admixtures (5) Plant nutrition 
Gas scrubbing (2) Environmental protection 
Agrochemicals (4)  
 
APCAs are used in commercial detergents because they bind metal ions more 
strongly than polyphosphates and maintain their binding ability over a wider pH 
range than do the simple carboxylic acids (Yu et al. 1997). For example, for 
several decades NTA has been used as a substitute for sodium tripolyphosphate 
as a synthetic builder in detergents (Perry et al. 1984). The ease of preparation of 
EDTA still outweighs the slight advantages of using other related synthetic 
compounds (Martell 1961). Twenty percent of EDTA production is used for 
detergent applications and for other household cleaning products (Sillanpää et al. 
1996). DTPA is utilised to a much smaller extent (Sillanpää et al. 1996). However 
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it has special uses, for example, it can be employed to detoxify solutions 
containing chromium(III), cobalt(II) and nickel(II) (Resl 1975). 
 
The sales quantities for the three APCAs in common use for Europe in 1997 
(Nortemann 1999) reflect their relative importance:  
NTA  18,660 tonnes  
EDTA 32,550 tonnes  
DTPA  14,000 tonnes 
 
The following paragraphs discuss in more detail how APCAs are used for a 
selection of purposes. 
 
Prevention of precipitates Most detergents contain a large proportion of APCAs 
to inhibit the formation of insoluble magnesium(II) and calcium(II) salts and 
prevent the deposition of scale on, for example, both textile fibres and washing 
machine parts. NTA and EDTA are used as industrial cleaning agents, to prevent 
precipitation of both heavy metal salts as well as of magnesium(II) and calcium(II) 
(Wolf and Gilbert 1992; Klopp and Patsch 1994 and Sacher et al. 1998). EDTA is 
also used in the photographic industry, as well as in electroplating processes as 
alternative to the use of cyanide salts (Wolf and Gilbert 1992); FeNH4EDTA is 
used as an oxidising agent for silver (Wolf and Gilbert 1992). 
 
Prevention of catalysis mediated by metal ions Small amounts of EDTA have 
been included in many detergent formulations to stabilise the bleaching agent 
perborate by preventing its metal-catalysed decomposition (Klopp and Patsch 
1994). In the hydrogen peroxide bleaching of pulp and paper, addition of either 
EDTA or DTPA avoids the decomposition of hydrogen peroxide by preventing its 
catalysis by manganese and iron ions (Svenson et al. 1989). The pharmaceutical, 
cosmetic and food industries also all use APCA additives to prevent 
decomposition of ingredients by metal-catalysed reactions (Wolf and Gilbert 1992 
and Zhao et al. 1996). 
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Removal of radionuclides NTA, EDTA and DTPA are widely used in the nuclear 
industry for decontamination of reactors and equipment because they form water-
soluble complexes with many radionuclides. Hundreds of kilograms of APCAs are 
employed in a single decontamination operation (Means and Alexander 1981 and 
Toste and Lechner-Fish 1993). The wastes containing APCA radionuclide 
complexes, are solidified and disposed of in landfill (Means and Alexander 1981; 
Macaskie 1991 and Toste and Lechner-Fish 1993). Means et al. (1978) raised 
the awareness that such powerful chelators in such wastes could lead to the 
migration of radioactive metal ions by forming soluble complexes. Referring to 
Figure 1.2, it can be deduced that soluble Th(IV)EDTA is exceptionally stable in 
the environmental pH range. It therefore could spread widely throughout 
groundwater reservoirs. 
 
Medical treatment Ca(II)EDTA is used as an antidote for the treatment of lead 
and selected other heavy metal poisoning. EDTA complexes the toxic heavy 
metal via metal exchange and accelerates its excretion (Rubin and Martell 1980).  
 
Increased metal availability APCA metal complexes are employed in fertilisers 
to supply plants with trace metals such as manganese, iron, copper and zinc 
(Deacon et al. 1994). The water-soluble complexes facilitate the uptake of metals 
by plants. This application is thus important for improving plant nutrition (Wallace 
et al. 1992).  
 
Application in remediation of metal-contaminated soils or sediments 
Solutions of APCAs can be used directly as washing agents (Elliott and Brown 
1989 and Brown and Elliott 1992) or to support electrokinetic extraction 
processes (Hong and Pintauro 1996 and Yu et al. 1996). Huang et al. (1997) 
noted that there is also potential for APCAs to be employed in the 
phytoremediation of soils and sediments. As noted above, the former have the 
ability to facilitate metal uptake by plants so their addition to contaminated soils in 
conjunction with the use of suitable hyperaccumulator plant species or high 
biomass crops may assist in the phytoremediation process.  
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1.3 Environmental chemistry of APCAs 
 
1.3.1 Sources and concentrations of APCAs in the water column 
 
Legislation has been introduced to prevent the disposal of APCAs and their 
complexes into waterways in Europe (Bucheli-Witschel and Egli 2001). Therefore 
APCAs in industrial wastewater and domestic wastewater are disposed of 
through sewerage systems and, depending on the degree of wastewater 
treatment applied, can subsequently be discharged into waterways. Some of 
these APCA metal complexes if they are not removed in wastewater treatment 
plants, may become bio-available in rivers and seawater (Alder et al. 1990). 
 
Several reports indicate that only negligible elimination of EDTA normally occurs 
at treatment plants (Siegrist et al. 1988; Alder et al. 1990 and Kari and Giger 
1996). Thus both EDTA and its complexes are released into the environment, 
resulting in concentrations of up to 200 ppb being found in river water (Sillanpää 
1996). Fe(III)EDTA normally makes up a considerable portion of the total EDTA 
found in surface water, because it is mainly this complex which is released into 
the environment from both the photographic industry and wastewater treatment 
plants that use iron(III) salts for phosphate precipitation. It has been also 
suggested that EDTA promotes the transport of certain heavy metals during the 
treatment of totally chlorine free wastewater (Saunamaki 1995). In wastewater 
treatment plants only a 50 % reduction in DTPA content is achieved (Nispel et al. 
1990). 
 
APCAs arising from horticulture, agriculture and some domestic procedures 
frequently result in untreated runoffs into storm water drains that discharge into 
waterways. In this context, recent emphasis on the recycling of grey water for 
horticulture may lead to difficulties. The grey water tends to be collected from 
showers and washing machines where APCAs (especially NTA) are used as 
water softeners and hence may be discharged untreated into the natural 
environment. 
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A number of investigators have determined the concentrations of APCAs in the 
environment. Their results are shown in Table 1.4. 
 
Table 1.4  Concentrations of synthetic APCAs in the environment 
APCA Conc. (ppb) Site Country Ref.
NTA 1200 - 2900 Raw wastewater Canada 1 
NTA 300 - 1500 Raw wastewater Switzerland 2 
NTA 6 - 200 Effluent of sewage treatment plant Switzerland 3 
NTA 0 Surface water Canada 6 
NTA 50 Stream Canada 7 
NTA 0 Coastal water Canada 8 
NTA 1 - 5 Ground and drinking water Canada 6 
NTA 0.7 Drinking water Germany 9 
EDTA 30 - 150 Raw wastewater Switzerland 2 
EDTA 20 - 5500 Effluent of sewage treatment plant Switzerland 3 
EDTA 10 - 20 Lakes Finland 4, 5 
EDTA 25 Drinking water Germany 9 
DTPA Detectable Vicinity of the point sources Finland 4, 5 
DTPA 2 - 15 Rivers Germany 10 
 
References:  1. Wei et al. (1979); 2. Alder et al. (1990); 3. Kari and Giger (1996); 4. Sillanpää et al. 
(1997); 5. Sillanpää and Oikari (1996); 6. De Oude (1984); 7. Woodiwiss et al. 
(1979); 8. Ernst and Kleiser (1984); 9. Dietz (1987); 10. Klopp and Patsch (1994) 
 
EDTA and NTA were found to have higher concentrations than DTPA because of 
their more common use by industry. The observation that NTA was found to have 
lower concentrations in the drinking water (Dietz 1987) may reflect the fact that 
NTA is more readily biodegradable than EDTA.  
 
There is considerable concern about the environmental fate of the above 
complexing agents and the monitoring of the concentration levels of EDTA in 
areas of Central Europe has been carried out (Brauch and Schullerer 1987; 
Frimmel et al. 1989; Nusch et al. 1991; Pietsch et al. 1995 and Kari and Giger 
1996). The annual industrial consumption of EDTA in Europe has been much  
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higher than DTPA and it continues to increase steadily with the increased use of 
a totally chlorine-free process by the Finnish pulp and paper industry. Thus, the 
Nordic pulp and paper industry is a very significant source of these compounds, 
even on a European scale (Sillanpää et al. 1996).  
 
The World Health Organisation (WHO 1993) has established international 
drinking-water guidelines for NTA of 200 ppb and EDTA of 200 ppb. The National 
Health and Medical Research Council and the Agricultural and Resource 
Management Council of Australia and New Zealand (NHMRC 1994) have 
established a drinking-water guideline for NTA of 200 ppb and EDTA of 250 ppb 
while Australian & New Zealand Environment and Conservation Council 
(ANZECC 2000) has not set guidelines for APCAs for fresh and marine water. No 
guidelines are available for DTPA. 
 
Concentrations of APCAs in soils The highest environmental APCA 
concentrations in soils were reported for the Hanford site, USA, where wastes 
from nuclear decontamination processes containing both free APCAs and their 
radionuclide complexes were dumped into landfill (Toste et al. 1995). In the 
mixed waste, approximately 9 g EDTA kg-1 and 1 - 2 g NTA kg-1 were detected. In 
addition, a wide variety of fragments of the APCAs were present in the  
1 - 1000 ppm range. No research results are available on the concentrations of 
APCAs in agricultural soils despite their use as fertilisers (Bucheli-Witschel and 
Egli 2001). 
 
 
1.3.2 Removal of APCAs from the water column 
 
The elimination of various APCAs from the environment takes place by both 
biological and chemical processes. Despite the related chemical and structural 
properties of APCAs, mechanisms responsible for their elimination have to be 
considered separately. Once released into the environment, the ultimate fate of 
APCAs and their complexes are determined either by abiotic or biotic processes. 
Each APCA has to be assessed individually because no general pattern is 
applicable to all. First abiotic processes will be discussed. 
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1.3.2.1 Abiotic processes for removing APCAs from the environment  
 
Photodegradation In the laboratory experiments, both Fe(III)NTA and Cu(II)NTA 
were degraded when their solutions were exposed to light with a wavelength of 
350 nm. Photodegradation of other metal complexes was also noted when 
solutions containing NTA and an excess of Mg2+, Cr3+, Cd2+ or Pb2+ were 
exposed to light of the same wavelength (Mailhot et al. 1995). Irradiation with 
sunlight showed that the half-life for Fe(III)NTA was approximately 1.5 hours, 
whereas that for Cu(II)NTA was more than 100 times longer. The above 
experiments illustrate that photodegradation contributes minimally to the 
decomposition of NTA in the photic zones of lakes and marine systems (Langford 
et al. 1973; Stolzberg and Hume 1975 and Anderson et al. 1985). 
 
Uncomplexed EDTA has been demonstrated to photodegrade in the presence of 
lepidocrocite (HO-Fe=O), indicating that EDTA adsorbed on the surface of this 
iron(III) oxyhydroxide is photooxidised. Although free EDTA is not normally 
present in natural systems, it was suggested that metal complexes might undergo 
photodegradation in an analogous manner by adsorbing onto iron(III) 
oxyhydroxides and forming ternary surface complexes (Karametaxas et al. 1995). 
 
Only Fe(III)EDTA has been found to be degraded by irradiation with sunlight 
whereas other EDTA heavy metal species are not degraded. Thus the process 
considered to be the most important for the elimination of EDTA from surface 
water is photolysis resulting from the fraction of sunlight falling below 400 nm 
(Kari 1994). Under laboratory conditions, Mn(II)EDTA and Co(III)EDTA also 
photodecompose, with rates approximately one order of magnitude lower than 
that for Fe(III)EDTA (Natarajan and Endicott 1973 and Lockhart and Blakeley 
1975).  
 
Svenson et al. (1989), Frank and Rau (1990) and Kari et al. (1995) have 
modelled the photolysis half-lives of Fe(III)EDTA for surface water at various 
conditions simulating different geographical locations. The values ranged 
between 11.3 minutes to more than 100 hours, depending on the light conditions 
employed in the model. A comparison of field data with the results from the model 
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calculations confirmed that photolysis by sunlight is an important mechanism for 
the degradation of EDTA (Kari and Giger 1995). In one study, while on cloudy 
days no significant decrease in the EDTA concentrations could be detected within 
a river. On sunny days all available Fe(III)EDTA was found to be eliminated by 
photodegradation, with the remaining EDTA found on sunny days consisting of 
photostable EDTA complexes. 
 
UV degradation of APCAs in natural systems thus depends strongly on climatic 
and aquatic conditions (Laamanen et al. 1992). The absorption of UV light by 
water increases exponentially with decreasing wavelength; however, in large 
water bodies like lakes and seas, the majority of the water volume is unable to 
drift to the surface due to the presence of a temperature gradient. Thus, even the 
complete photolysis of Fe(III)EDTA is unlikely to occur (Sillanpää et al. 1996). 
 
Photodegradation has been reported for Fe(III)DTPA but the products of the 
reaction were not determined (Svenson et al. 1989). Calculations predicted a 
theoretical half-life of Fe(III)DTPA which was lower than that of Fe(III)EDTA. 
Hence, the rates of photodegradation of the iron(III)APCAs appear to increase in 
the order NTA < EDTA < DTPA. 
 
Adsorption onto the minerals in the sediments could be important when 
assessing the results of laboratory experiments (Alder et al. 1990). 
 
NTA has been documented to display typical anion type adsorption, with 
adsorption increasing with decreasing pH. The adsorption of NTA is known to be 
relatively weak onto aluminosilicate minerals, river sediments and a number of 
natural subsurface materials. NTA adsorption isotherms measured for kaolinite 
(Al2(OH)4(Si2O5)) (pH 6.9), iolite (pH 4.4 or 7.8) and Ca-bentonite (pH 7.7) using 
10000 ppm sorbent showed ineffective removal of NTA from solution (Fischer 
1991). It was concluded that more solid would be needed for effective removal of 
NTA from solution in each case. X-ray diffraction analysis of the used bentonite 
sorbent indicated that NTA was intercalated in its interlamellar spaces. NTA 
showed a low tendency to adsorb onto illicit river sediments (8000 ppm sorbent) 
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as indicated from isotherm measurements in the pH range 6.5 - 7.5 (Fischer 
1992).  
 
Gardiner (1976), Alder et al. (1990) and Kari and Giger (1996) report negligible 
adsorption of EDTA onto silica, kaolin, sediments, humic solids and activated 
sludge particles. Because of the negative charges on EDTA metal complexes at 
pH values typically found in natural water (between pH 4.0 and pH 8.0), the 
complexes will only adsorb on to solids that are positively charged, such as 
aluminium(III) oxyhydroxides, iron(III) oxyhydroxides and manganese(III,IV) 
oxyhydroxides (Bowers and Huang 1986; Kari and Giger 1995 and Nowack and 
Sigg 1996). Adsorption onto such oxyhydroxides could result in EDTA metal 
complexes being eliminated by sedimentation of the particle-bound EDTA fraction 
(Ulrich 1991). Such a process is supported by the detection of enhanced 
concentrations of EDTA in sediments compared to the water column and pore 
water (Nowack et al. 1996). 
 
DTPA also adsorbs onto surfaces with a pH-dependent charge; for example, 
aluminium(III) or iron(III) oxyhydroxides (Norvell 1991). At present, the adsorption 
data for DTPA in natural waters is not available and hence whether it is removed 
from a water column into sediments is unknown. 
 
Oxidation-reduction processes Klewicki and Morgan (1998) and McArdell et al. 
(1998) have examined possible oxidation of APCAs by +III metal oxidants in 
natural systems. Such oxidants comprise manganese(III,IV) oxyhydroxides, 
Co(III)-containing mineral phases as well as iron(III) oxyhydroxides. These 
workers found that, whilst the potential of the Fe(III)/Fe(II) half reaction (Eo = 
+0.67 V) is too low to allow oxidation of EDTA, those for the Mn(III)/Mn(II) and 
Co(III)/Co(II) half reactions (Eo = +1.50 V and Eo= +1.48 V, respectively) are 
sufficiently high. Mn(III)OOH and Co(III)OOH have been shown to result in the 
oxidation of free EDTA, yielding the corresponding deacetylated breakdown 
products. Mn(III) is a more reactive oxidant than Co(III) and, therefore, the 
reactions of EDTA with Mn(III)OOH were significantly faster than those with 
Co(III)OOH. EDTA does not persist in the presence of manganese(III,IV) 
  17
Introduction 
oxyhydroxides and reactions with such minerals have been proposed to 
represent an important sink for APCAs in the environment (McArdell et al. 1998).  
 
The failure of EDTA to biodegrade in the environment has directed attention to 
other mechanisms for eliminating it (Kari and Giger 1995). Direct 
photodegradation, oxidation by metal oxyhydroxides and to a lesser degree the 
adsorption of EDTA onto particles and subsequent sedimentation of these EDTA-
loaded particles seem to be important processes for the partial elimination of 
EDTA and its complexes from the water column. NTA is not degraded to any 
extent by abiotic mechanisms. Both NTA and EDTA are formed as products of 
DTPA breakdown apparently resulting from the cleavage of a C-N bond within 
one of the ethylenediamine fragments of the DTPA molecule (Stumpf et al. 1996).  
 
Furthermore, abiotic processes usually do not lead to mineralisation of the 
complexing agents, but rather result in transformation into compounds which 
retain metal-complexation properties. 
 
 
1.3.2.2 Biotic processes for removing APCAs from the environment  
 
Since APCAs are large organic molecules, it is to be expected that they will be 
biodegradable especially when present as a free ligand. Therefore, much 
attention has been paid to the biodegradation of APCAs, with attention focused 
on NTA and EDTA as well as on their metal complexes.  
 
Much research concerned with NTA has concentrated on its biodegradation 
because this was found to be the major environmental elimination pathway for 
this compound. Several reviews have been dedicated to this topic (Anderson et al. 
1985; Egli et al. 1990 and Egli 1994). For EDTA, however, biodegradation does 
seem to be a minor elimination mechanism and so far an abiotic mechanism has 
been identified as the major process for the degradation of EDTA in natural 
systems (Kari and Giger 1995). Nevertheless, recently an increasing number of 
reports on the biodegradation of EDTA have been published. Similarly, DTPA is 
receiving more attention as its use increases. 
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It has been demonstrated that NTA is easily biodegradable in both natural waters 
and in soils. In addition, many investigations indicate that biodegradation can go 
to completion (Anderson et al. 1985). The proposed breakdown mechanism 
involves initial cleavage of two acetic acid groups followed by the release of 
nitrogen and subsequent oxidation of the remaining aminoacetic acid fragment to 
obtain the final product of CO2, H2O and inorganic N (Thompson and Duthie 
1968). 
  
NTA degradation follows first order kinetics, especially at the low NTA 
concentrations (below 2 ppm NTA) found in both surface and groundwater 
(Janicke et al. 1984). Similar rate constants (about 0.3 day-1) were determined for 
all freshwater systems situated in areas where NTA was not extensively used in 
detergents. Interestingly, the rates were approximately 3 - 4 times lower than 
those found in river water from a region where NTA-containing detergents were 
marketed.  
 
The acclimatisation of any NTA-degrading microbial population in its environment 
is important (Larson and Davidson 1982 and Pfaender et al. 1985). For example, 
using sludge from sewage treatment plants it was found that a few days to 4 
weeks were required for an unadapted microbial population to acquire NTA-
degrading ability. The period needed for developing degradation ability seemed 
to decrease with increasing NTA concentration (Bott et al. 1978). 
 
NTA has been demonstrated to be biologically degraded in freshwater (Bernhardt 
et al. 1984 and Anderson et al. 1985). Contradictory results have been reported 
for its possible degradation in marine and estuarine water samples. It was found 
that NTA degradation occurs in estuarine and offshore environments 
(Bartholomew and Pfaender 1983; Pfaender et al. 1985 and Palumbo et al. 1988). 
For example, using samples from an estuary which had received NTA pollution 
for several years, a value of 10 ppb NTA was rapidly degraded with no lag period 
(Pfaender et al. 1985). However, in contrast, Kirk and co-workers (Kirk et al. 1983) 
reported no NTA degradation by a marine bacterial population in coastal marine 
waters in both oxic and anoxic conditions.  
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The effect of temperature on microbial NTA degradation has been investigated 
(Larson et al. 1981; Larson and Davidson 1982 and Kari 1994). For example, in 
summer about 90 % of the NTA present was eliminated from the river Glatt in 
Switzerland over a flow distance of 22 km, although only 65 % of the NTA 
disappeared in winter (Kari 1994).  
 
In soils, NTA was found to readily decompose under aerobic conditions with half-
lives ranging from 3 to 7 days (Tiedje and Mason 1974; Ward 1986 and Shimp et 
al. 1994). In contrast, NTA is also degraded under anaerobic conditions where 
nitrate substitutes for molecular oxygen as a terminal electron acceptor 
(Tabatabai and Bremner 1975 and Ward 1986). While the presence of nitrate in 
the system had no influence on the initial rates of NTA degradation, it did affect 
the extent of the mineralisation that occurred under anaerobic conditions (Ward 
1986). 
 
In contrast to NTA, few results have been reported dealing with the 
biodegradation of EDTA in aqueous systems and soils. A mixed, EDTA-
degrading culture from river water and sludge from an industrial wastewater 
treatment plant has been isolated (Thomas et al. 1998). Among the cultivatable 
microorganisms within this culture, representatives of the genera 
Methylobacterium (35 %), Variovorax (17 %), Enterobacter (15 %), 
Aureobacterium (11 %) and Bacillus (11 %) were predominant. However, the 
ability of the isolated bacteria to grow using EDTA was not tested. Growth of the 
culture with Fe(III)EDTA was slow, with a doubling time of 66 hours, and only 
60 % of the initial Fe(III)EDTA was degraded in this experiment. 
 
Contradictory results have been published concerning EDTA degradation in soils 
and sediments. Stumpf et al. (1996) and Allard et al. (1996) found no biological 
EDTA breakdown, whereas others reported a slow microbial EDTA 
decomposition under aerobic conditions (Tiedje 1975; Tiedje 1977; Means et al. 
1980 and Bolton et al. 1993). No EDTA mineralisation was found to occur under 
anaerobic conditions (Tiedje 1977 and Bolton et al. 1993).  
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Biological elimination will be affected by speciation. In aqueous systems at pHs 
encountered in natural water the free APCAs are unlikely to be present. It is 
shown in Table 1.2 that EDTA and DTPA form more stable complexes with heavy 
metals than NTA and this may be the reason they are not as biodegradable. This 
could also explain the positive effect of a pH rise on the microbial elimination of 
EDTA in sewage treatment plants because it is known that heavy metal 
complexes of EDTA are unstable at higher pH values (Bucheli-Witschel and Egli 
2001).  
 
In soils and sediments, several groups have observed the microbial breakdown of 
DTPA (Means et al. 1980; Bolton et al. 1993; Stumpf et al. 1996 and Ternes et al. 
1996). Two of the DTPA breakdown products were found to be NTA and EDTA 
so it is expected that the mixture responds to abiotic processes.  
 
It has been inferred that DTPA is biologically and/or chemically more readily 
degradable than EDTA. Sillanpää (1996) measured EDTA and DTPA 
concentrations in wastewater from pulp and paper mills. In the activated sludge 
process used to treat this wastewater, a reduction of DTPA amounting to 50 -
70 % was observed while only 30 % of EDTA was removed. However, this result 
could not unequivocally be attributed to microbial activity.  
 
It is concluded from the above discussion that the persistence of the three 
APCAs in sediments, where photodegradation is unlikely to occur, is EDTA > 
DTPA > NTA. 
 
 
1.4 Environmental impacts 
 
1.4.1 Acute and chronic toxicity of APCAs 
 
Anderson et al. (1985) assessed the acute and chronic toxicity of NTA towards 
more than 50 species of freshwater and marine organisms. They found that the 
“no-observed-effect concentrations” of NTA for aquatic life were at least one 
order of magnitude higher than the measured usual environmental concentrations. 
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Furthermore, acute or chronic effects were only observed when the NTA 
concentrations used in the tests were equal to, or in excess of, the concentrations 
of divalent metal ions present.  
 
Both EDTA and DTPA are weakly to moderately toxic to aquatic organisms when 
they are present as their metal complexes (Schoberl et al. 1988; Wolf and Gilbert 
1992 and van Dam et al. 1996). In surface water there is a large stoichiometric 
excess of calcium and other divalent metal ions. Therefore free NTA, EDTA and 
DTPA concentrations are likely to be many orders of magnitude below the known 
toxic concentrations. It is thus concluded that no adverse effects on aquatic life 
can be anticipated due to presence of free APCAs. 
 
In toxicity studies involving mammals (Anderson et al. 1985), NTA was found to 
be only moderately toxic on acute oral exposure. It was found not to be related to 
the development of malformations either by itself or in presence of heavy metals 
and it is non-genotoxic. NTA was largely not metabolised but was rapidly 
excreted in urine. However, urinary tract tumours can develop as a consequence 
of chronic exposure to high doses of NTA. This was attributed to changes in the 
zinc and calcium distribution between urinary tract tissues and urine. The 
threshold concentrations determined for the development of tumours were much 
higher than expected for normal human exposure arising from the low 
environmental NTA concentrations discussed earlier (Anderson et al. 1985). 
 
EDTA is only weakly toxic to man; in fact, as its calcium complex, it is registered 
as a food additive in many countries (Randt et al. 1993). The WHO (1974) fixed 
the acceptable daily intake of EDTA as 2.5 mg kg-1 body weight. Considering the 
average concentrations of EDTA found in drinking water, the daily uptake of 
EDTA is far below this value (Wolf and Gilbert 1992). 
 
DTPA is a strong chelating agent and usually is used to extract metals from 
sediments by making them available to plants (Abdel-Saheb et al. 1994). 
Systemically administered DTPA has successfully been used for detoxification of 
the metal ion cadmium (Cherian 1980 and Cantinela and Klaassen 1982). 
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1.4.2 Other impacts 
 
It was suspected that widespread usage of NTA or EDTA might enhance 
eutrophication. However, the contribution of both these compounds to 
environmental nitrogen loading was found to be insignificant (Anderson et al. 
1985). It has also been discussed whether NTA or EDTA might indirectly 
stimulate algal growth by extracting essential metals from sludge, sediments or 
humic acid and making the latter more readily available or by protecting the 
organisms against the toxic effects of particular heavy metals. While in laboratory 
systems such indirect effects were demonstrated at relatively high NTA and 
EDTA concentrations, they are thought to be negligible in terms of surface waters 
(Anderson et al. 1985 and Wolf and Gilbert 1992). 
 
The observed high EDTA levels in rivers have provided the motivation for the 
development of substitute substances as well as for implementing avoidance 
strategies. As previously stated, EDTA is difficult to eliminate in wastewater 
treatment plants; it is difficult to absorb even by using activated charcoal (Nusch 
et al. 1991 and Brauch et al. 1991). On the other hand, elimination of NTA and 
DTPA from wastewater generally presents fewer problems (Siegrist et al. 1988 
and Nispel et al. 1990). No negative effects on the normal operation of 
wastewater treatment plants or sludge disposal systems have been reported so 
far when EDTA and NTA are present at environmentally relevant concentrations 
(Anderson et al. 1985 and Wolf and Gilbert 1992). 
 
The present study is focused on the release of heavy metals from sediments into 
water column following complexation by APCAs. Biodegradation of these metal 
complexes in the water column can lead to the contamination of the water system, 
possibly to toxic levels (Lo and Huang 1993). 
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1.5 Heavy metals  
 
The term “heavy metals” has been commonly adopted as a group name for the 
metals and metalloids which are associated with contamination and potential 
toxicity, but also includes some metallic elements which are essential for living 
organisms (Thornton 1995). Perhaps more correctly, “heavy metals” has been 
considered to cover all metals with an atomic density exceeding 5 g cm-3 (Phipps 
1981). 
 
Heavy metals, which are discharged to rivers as aquated ions or metal 
complexes, can either precipitate or combined with organic or inorganic particles 
by ion exchange or adsorption. The precipitates and the heavy metal-carrying 
particles settle to the bottom of waterways and are fixed within the sediments. 
These heavy metals associated with sediments, if conditions change, can form 
soluble complexes and re-enter the water column. As discussed already, APCAs 
and particular complexes can be particularly effective as agents for remobilisation 
of the “fixed” metal ions.  
 
Heavy metals are widely spread in varying amounts in the environment, with 
some well known to be toxic to humans as well as aquatic organisms (Lo et al. 
1994 and Sun et al. 2001). Heavy metals are highly persistent in soils and 
sediments, with residence times in the order of thousands of years (McGrath, 
1987).  
 
The complexation of heavy metals by dissolved organic ligands has been found 
to significantly affect metal uptake on soils and sediments. Complexation 
reactions generally include ligand metal ion pairs, soluble ligand metal complexes 
and chelation. Both simple and complex ligands have been found to be important 
on heavy metal transportation in soils and sediments (Harter and Naidu 1995). 
 
As also mentioned previously, in natural sediments the majority of heavy metal 
ions are generally associated with the solid phase and to become bioavailable, 
they must be mobilised into the water column from the solid. The remobilisation 
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of heavy metals from sediments is often triggered by acidification-decreasing the 
metal load in the solution phase and via complexation by soluble chelating agents 
as well as through redox changes in the sediments. 
 
Yu et al. (1996) and Yu et al. (1997) used batch experiments to illustrate the 
remobilisation on Ni2+, Cu2+, Zn2+ and Pb2+ by EDTA and DTPA. These workers 
employed sequential extractions to obtain the variation (and transformation) of 
the metal content in the various sediment binding fractions (exchangeable, bound 
to carbonates, bound to Fe/Mn oxides and bound to organics) with pH. They 
found that EDTA and DTPA had remobilised a greater percentage of the metals 
at neutral pH. Remobilisation of the metals increased with increasing 
concentrations. DTPA remobilised a greater percentage of Ni2+, Cu2+, Zn2+ and 
Pb2+ than did EDTA. DTPA and EDTA remobilised Zn2+ from the “bound-to-
carbonate” fraction of the sediments. The Zn2+ content of the organic-bound 
fraction was found to increase with increasing EDTA concentration and was 
attributed to remobilisation from the “bound-to-carbonate” and “bound-to-Fe/Mn 
oxides” fractions. Ni(II) and Pb(II) remobilisation was also attributed to occur via 
this mechanism. Cu(II) remobilisation was proposed to occur from the bound-to-
organic matter fraction. 
 
In the present study, the heavy metals investigated are divided into two groups. 
Copper, zinc and lead are referred to as trace and chromium, cobalt, nickel and 
cadmium as ultratrace metals. Christian (1994) classed < 0.1 % as trace and a 
few parts per million or less of constituent as ultratrace. 
 
1.6 Remobilisation studies 
 
Laboratory remobilisation studies can be extrapolated to obtain a risk 
assessment of the likelihood of APCAs remobilising heavy metals from sediments. 
However, as Forstner (1985) has pointed out, such remobilisation studies are 
limited in scope because of the difficulties in realistically and comprehensively 
simulating in the laboratory the complex situations that occur in the environment. 
Hence it is expected that the interpretation of the results for laboratory controlled 
pH and redox systems should be treated with caution.  
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By selecting sediments from a variety of environments experiments of the above 
type may still be useful as prediction tools for the release of heavy metals by 
APCAs in the long-term. An ultimate goal of most such remobilisation studies is 
to establish a management scheme for a site contaminated with heavy metals. 
The results can also assist in the development of best practice methods for 
disturbing contaminated sediments left in situ during the development or 
rehabilitation of sites. 
 
An estimate of the effective pollution potential can be established by calculating 
the heavy metal content of the total sediments (or grain size fraction of sediments) 
and comparing it to that obtained in the leachate. Sager (1992) is particularly 
positive as to the value of remobilisation studies, believing that they can be used 
to assess both the short- and long-term environmental impact of the 
remobilisation of heavy metals from soils or sediments. Nevertheless, he 
commented that choosing the appropriate method for a remobilisation study is 
not a simple task. For example, heavy metal remobilisation experiments on 
sediments can be divided into agitation and column methods and the leaching 
agent/agents can be added together or sequentially.  
 
Agitation remobilisation methods are those in which an APCA solution is shaken 
with sediments until equilibrium between the two phases has been reached. This 
method has been employed by other investigators (for example, Baur et al. 2001) 
for the remobilisation of heavy metals by aqueous solutions of a variety of 
compositions. For such studies it was stated that agitation experiments should 
employ the fine grain size fraction of sediments only as it is the fraction most 
likely to be resuspended in the water column.  
 
Column leaching methods involve packing the sediments into a column, either 
unchanged in structure (i.e. as a core) or as a homogeneous mixture. A leaching 
agent or several leaching agents with appropriate properties are then sequentially 
applied and the eluted fractions are collected and examined. Hence, it is unlikely 
that equilibrium is reached in such experiments. The advantage of column 
leaching is that it gives information on heavy metal mobilisation by APCAs or 
mixed APCAs from a specific sample of sediment. However, such experiments 
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can be time consuming and the results may be dependent on the rate of addition 
of the APCAs. As a consequence, a compromise needs to be reached between 
simulating as closely as possible the field conditions and the need to obtain the 
experimental data on a realistic time-scale (Anderson et al. 2000). 
 
In spite of the obvious advantages of using the APCAs sequentially in the order 
of their metal complex stabilities (that is, in the order DTPA > EDTA > NTA), the 
interpretation of the results from such extractions can be confusing. This arises 
because the extractants may be non-selective or perhaps not sufficiently effective. 
The latter is a problem that could result in the heavy metals being readsorbed 
and redistributed among phases during the procedure. In view of this, sequential 
leaching was not used in this study, because the aims were to establish the 
remobilisation of heavy metals from the sediments under as close as possible to 
“natural conditions”. 
 
In all experiments of the above types the pH changes of the respective systems 
need to be monitored. pH is important because any results obtained will clearly 
be dependent on this parameter. 
 
 
1.7 Objectives of the present study 
 
Much of the research on APCAs has been focused on sewage and wastewater 
which has accumulated from industrial and domestic sources. However, as 
discussed in this chapter, significant levels of both free and complexed APCAs 
are found in waterways. Hence, the primary objective of the present research is 
to investigate how free APCAs remobilise heavy metals from sediments.  
 
The approaches used are as follows: 
• Three sites were selected for sampling the sediments. The geology of the site 
catchments was different as were the sources of the heavy metals in the 
sediments. The sediments at these sites were known to have elevated levels 
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of heavy metals and the water flowing over them was expected to have low 
concentrations of APCAs and their complexes. 
• The fine grain fraction of the sediments as well as the whole sediments from 
the three sites was analysed for metal content by strong acid/oxidant 
digestion to establish whether the heavy metal content of the fine sediment 
fraction was representative of the whole sediment mass. 
• The fine grain fraction of the sediments from one site was remobilised using 
agitation experiments with concentrations of the APCA solutions similar to 
those found in contaminated waterways both individually and as mixtures. 
These experiments were carried out under both oxic and anoxic conditions. 
• The fine grain fraction of the sediments from the three sites was remobilised 
using agitation experiments under oxic conditions with concentrations of the 
APCAs both individually and as a mixture in excess of the metal 
concentrations in the sediments as obtained by strong acid/oxidant digestion.  
• Finally from one site cores were extracted and the total unaltered sediment 
core was leached with concentrations of the APCA solutions similar to those 
found in contaminated waterways both individually and as mixtures.  
 
A secondary objective of the study was to develop a method of quantifying 
ultratrace levels of APCAs in the waters at the three sediment sampling sites. 
This was necessary, as previous methods were found suitable only for trace 
levels. 
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